In this collaborative study of the Universities Jena and Clausthal and the GDF SUEZ E&P Deutschland within the framework of the R&D program "CLEAN" Rotliegend sandstones of the Altmark natural gas field were investigated by sedimentological, mineralogical, geochemical and petrophysical means. In compilating the gained results potential correlations of specific rock attributes should be evaluated, to support the implementation of a planned EGR project. Therefore, as some kind of natural analogue for potential fluid-rock interactions during EGR, varied colored and altered sandstone types, which are most likely affected by such processes in the past, were analyzed. Preliminary results confirm subtle to major differences in mineralogical and geochemical rock composition, as well as petrophysical differences, due to rock colors and litho-and diagenetic facies types. All the rocks are characterized by early diagenetic sebkha/playa calcite and anhydrite cementation and varying amounts of hematitic-clayey clast rimming cutans. Varying degrees of cement dissolution and (partial) cutan recrystallization (?) during diagenesis resulted in different rock porosities and permeabilities. Highest porosity and permeability is typical for aeolian type sandstones and altered (bleached) rock types. Analysis of irreducible water saturation suggests that during injection large pressure gradients in the near-wellbore area are likely. Thus effects of mobilization of the gas and the water phase in the near-wellbore zone due to high pressure gradients and CO 2 induced mineralogical dissolution effects could facilitate clean-up processes and increase the injectivity of CO 2 injection wells in the Altmark.
INTRODUCTION
In the framework of the joint R&D program "CLEAN" (CO 2 Largescale EGR in the Altmark Natural-gas field) the sub-field "Altensalzwedel", a part of the Altmark natural gas field in central Germany, is investigated. CLEAN is part of the geoscientific programme GEOTECHNOLOGIEN, funded by the German Ministry of Education and Research (BMBF) and conducted in cooperation with GDF SUEZ E&P Deutschland GmbH, which is applying for an enhanced gas recovery (EGR) pilot project. The Rotliegend of the Altmark natural gas field comprises the second largest natural gas field in Europe, with a total of approx. 265x10 9 m³ GIIP, which is recently almost depleted. Therefore the intention of CLEAN is to test and evaluate the feasibility of EGR techniques and the suitability of depleted Rotliegend natural gas reservoirs for potential industrial-scale CO 2 injection projects, using the Altensalzwedel sub-field as a case-study.
In realizing such a technical challenge, petrophysical, mineralogical-geochemical and geologicalsedimentological attributes of potential reservoir (and cap) rocks were investigated by the Technical University Clausthal and the Friedrich-Schiller-University, Jena. A special emphasis of these studies was to evaluate former CO 2 /reservoir fluid/reservoir rock interactions and their effects on fluid transport properties and injectivity. In assessing such interactions as a natural analogue for potential reactions potentially occurring during planned fluid injection originally red bed facies sandstones and their bleached (altered) modifications were analyzed. Such bleaching is commonly assumed to be a result of fluid-rock interactions in the presence of CO 2 , H 2 S, hydrocarbons and/or organic acids.
The results are fundamental in predicting and estimating the suitability of such sites for future EGR/CCS projects.
GEOLOGICAL SETTING
The Altmark area is part of the North German Basin, a sub-basin of the Southern Permian Basin, an element of the Central European Basin, which extends from England to Poland. During the Upper Carboniferous/Lower Rotliegend dextral shearing, accompanied by extensive volcanic activity affected the Variscaen basement of this basin, generating NNE-SSW and NW-SE fault zones, defining swells and local basins (e.g. [1, 2] ). Initially, early Rotliegend deposition was restricted to local fault-bounded basins [3] , but during late Permian to Triassic time large scale subsidence occurred, leading to e.g. the development of the Altmark basin with Permian-Mesozoic deposits up to 3.500 -5.500 m in thickness [2, 4] . In the late Cretaceous and early Paleogene tectonic inversion led to an uplift of former depocentres and Zechstein salt dome reactivation [5] . These processes strongly determined the recent geological structural situation.
The Rotliegend sediments in the Altmark comprise laminated claystones, heterolithic silty sandstones and fine to medium grained structureless and cross bedded sandstones. Sedimentary structures, grain size, sorting and mineral content (e.g. hematite, early diagenetic carbonate and sulfate cements) indicate deposition at semi-arid conditions on a continental flood plain, with braided river systems, playa lakes and subordinate amounts of aeolian dunes.
Color variations in the sediments from (dark) red to bleached (whitish, yellowish, greenish, greyish) variations point to late diagenetic fluid-rock reactions during burial history.
RESULTS

PETROGRAPHY and MINERALOGY
Investigations by polarized microscopy reveal, that the Altmark sandstones are dominated by the presence of detrital mono-and polycrystalline quartz, volcanic lithoclasts and feldspar (commonly K-feldspar), thus representing subarkosic to sublitharenitic composition (after McBride [6] ). Authigenic mineral phases comprise quartz, Kfeldspar, albite, barite, REE-rich calcite (synchysite ?) and porefilling calcite and anhydrite as well as intergrowths of hematite-illite and chlorite-illite grain coatings. Rock matrix is rare and consists of illitic to illitic-chloritic clay mixtures. In sandstones, assumed to have originated by aeolian deposition matrix and (diagenetic formed) clay minerals are almost absent. Also the presence of porefilling calcite and anhydrite is reduced, resulting in higher rock porosity and permeability (Fig. 1) .
Remarkable mineralogical/petrographical variability between varied colored sandstones is observed. Commonly, hematite, illite, calcite and anhydrite is more abundant, but chlorite is almost absent in red bed facies sandstones. According to Gaupp [7] red bed sandstones are attributed to the sebkha/playa H-SB diagenetic type, characterized by porefilling carbonates and/or sulfates armouring hematite rims on clasts, whereas bleached sandstones refer to the SB-and CS (occurrence of early mesodiagentic growth of subtangential Mg-Fe chlorite on grain surfaces) diagenetic types.
High intergranular volumes (IGV), almost totally deteriorated by early carbonate and sulfate porefilling cementation and minor degrees of mechanical compaction resulted in very minor secondary (intergranular) rock porosity in the red bed sandstones. In contrast in bleached rocks intergranular volume and porefilling cementation is reduced and late diagenetic mineral dissolution led to an increase in secondary porosity. Compositional and dissolution induced morphological differences in porefilling calcite (and anhydrite) between red bed and bleached sandstones are sustained by field emission scattered electron microscopy (FE-SEM).
In red bed sandstones authigenic calcite (and anhydrite) is characterized by smooth morphologies with only weak features of incipient dissolution, but in bleached rocks these surfaces show numerous etch pits and strong randomly dissolution. Besides etch pits with triangular to rectangular shapes ( Fig. 2A) , as typical of calcite dissolution along cleavage planes, more irregular to rounded etch pits occur. In size and shape this second type of etch pits resemble small Mn-enriched calcite inclusions in the pure calcite cements and are assumed to be originated by the preferred dissolution of such (early diagenetic, partially preserved ?) Mn-calcite remnants.
A third type of carbonate, rare earth element enriched calcite (synchysite ?); La 2 O 3 + Ce 2 O 3 + Nd 2 O 3 > 10 weight-%) is rare and only present in the open porespace. Its euhedral to subhedral shape implies late diagenetic formation, as also proposed by Hartmann [8] for synchysites from Rotliegend sandstones of the North German Basin. They probably originated from acidic Carboniferous fluids, getting REE enriched by passing Rotliegend volcanic rocks, during their ascent along (re-) activated faults in Triassic-Jurassic times [8] .
Anhydrite is the most common sulfate mineral in the Altmark sandstones. Like (pure) calcite, anhydrite is porefilling and shows triangular to rectangular etch pits, generated by preferred dissolution along cleavage planes and randomly dissolved crystals (Fig. 2B ), most pronounced in the bleached rocks.
In contrast barite (BaSO 4 ) is of late diagenetic origin, as indicated by its presence as euhedral to subhedral crystals in the open porespace. Its relation to fibrous illite and chlorite and spatial and morphological similarity to synchisites imply almost coeval formation during assumed late diagenetic fluid-rock interactions.
Due to the lack of open porespace and the presence of early diagenetic porefilling cementation by carbonate and sulfate minerals, fibrous and/or meshwork illite (and chlorite) is almost absent in red bed sandstones. This is in Fig. 1 : Porosity and permeability form a clear trend and typically a large data scattering. Hereby, the areas representing the four most common lithofacies types are clearly distinct. Aeolian dry sandflat and aeolian dune facies reveal high to medium permeability values, whereas damp and wet sandflat and fluvial channel facies represent low to ultra-low permeability parts of the Rotliegend sandstone formation. Analytical uncertainties are shown by error bars. The common range of poro-perm relationship within a particular lithofacies is indicated by an ellipse-shaped area considering both scatter and uncertainties of the poro-perm data.
contrast to the occurrence of clay minerals in the bleached rocks. Here illite and chlorite form some fibrous crystals, sometimes exposed in a (sub-) tangential to radial manner within or extending from illitic-chloritic cutans. Commonly these cutans are zoned in both rock types, but zonation appear to be most pronounced in the bleached sandstones, characterized by illitic composition in the inner rims, overlain by more chloritic mineral assemblages.
Due to higher Fe-and Al IV content in chlorites of the red bed facies sandstones, these chlorites are classified as polytype Ib to IIb chamosite, whereas chlorites in the bleached rocks are of swelling clinochlor to chamosite type. These compositional and morphological, rock color dependent differences in chlorite composition imply an alteration of red bed-type chlorite and a precipitation of chlorite in bleached sandstones during fluid-rock reactions, accompanied by Fe-transfer, probably prior to subsequent to barite precipitation, as deduced from the presence of chlorite fibres within and rimming porefilling barite. Fig. 2A) . In contrast the rate of dissolution within bleached sandstones is enhanced, resulting in rough surfaces (Fig. 2B ).
GEOCHEMISTRY
For geochemical analysis we mainly applied inductively coupled plasma mass spectroscopy/optical emission spectroscopy (ICP-MS, ICP-OES). Major element discrimination (after Herron [9] ) sustains petrographic classification of the Altmark sandstones as subarkoses and sublitharenites.
Although geochemical analysis reveals that the content of most elements in the investigated Altmark sandstones is almost similar, some elemental correlations display divergent behavior at regional (well locations), local (site specific) and hand specimen scale, but also due to rock colorization and lithofacies.
The effect of microscopically observed calcite (and anhydrite) dissolution on geochemical and petrophysical rock composition is shown in Figure 3 . The Ca-content in bleached sandstones is generally low, when compared to red bed sandstones, but strongly correlated with an increase in porosity (Fig 3A) and permeability, whereas in the red rocks such a correlation is almost absent. These features suggest that calcite and anhydrite dissolution is only minor in the red bed sandstones, almost without any impact on porosity and permeability, quite different from the pronounced carbonate and sulfate dissolution in bleached sandstones, which enhanced porosity as well as permeability. In contrary, the impact of clay (illite, chlorite) formation on porosity and permeability is only minor, as substantiated by positive correlations of e.g. Al and K with these attributes, with highest element content in bleached sandstones.
Feldspar dissolution and (fibrous) illite formation in bleached sandstones is also reflected in low content. This is explained by increasing amounts of (K-) feldspar dissolution and the formation of fibrous illite crystals, thus monitoring stronger alteration phenomena in K-and Al-enriched bleached rock types. The decrease in Fe tot -content is accompanied by an increase of porosity (and permeability) in the red bed sandstones (Fig. 3B) , with higher porosity and lower Fe tot content in reddish to brownisch rocks, which are probably caused by only weak overprint by assumed fluid-rock reactions and some Fe release, thus generating secondary porespace. Commonly Fe tot tend to be more enriched in red bed sandstones, implying that red rock colorization is mainly due to (Fe 3+ -bearing) hematite, present in the hematitic-illitic cutans. The often found overlap in Fe tot content in red bed and bleached sandstone-types (Fig. 3B) is probably caused by the presence of (Fe 3+ reduced) Fe 2+ in neoformed mineral phases (e.g. goethite, chlorite), sustaining that rock colors are not controlled by the total amount of Fe, but instead by Fe 3+ /Fe 2+ ratios. Fig. 3 : (A) Porosity in the Rotliegend sandstones is strongly controlled by the Ca-content, fixed in calcite and anhydrite. Ca is highest in red bed sandstones of damp/wet sandflat and channel fill lithofacies. Despite its variability decreasing Ca-content in these red rocks has almost no effect on porosity (decrease of Ca content from 100.000 to 40.000 ppm at porosities of ~ 2%). (B) Red colors sandstones tend to have higher Fe-content, than altered/bleached rocks. Nevertheless some altered rocks have similar high contents, implying that rock colors are mostly controlled by Fe 2+ /Fe 3+ -ratios and that Fe tot -content is only of minor importance in porosity (and permeability) formation. Symbols: squares -red bed sandstones, stars -bleached/altered sandstones.
PETROPHYSICS
Main factor affecting the fluid transport properties of Rotliegend reservoir rocks is the limited mobility of gas and water due to pronounced water binding capacity of cements and the pore-filling minerals. These properties have been experimentally determined by means of routine and Special Core Analyse (SCAL) techniques with special focus on mineralogical/facies effects and CO 2 -reservoir rock interactions. The experiments are performed in two consecutive series implementing single and two-phase flooding and capillary measurements. The first series of measurements are performed with a nitrogen-rich natural gas, similar to the gas composition in the Altmark natural gas reservoirs and formation brine. To model the effects of the CO 2 -reactive flow, the core samples used in the first experimental series were altered by CO 2 saturated formation brine composed of 13.71 g/l KCl, 179.13 g/l NaCl and 159.39 g/l CaCl 2 in an autoclave at representative reservoir pressure of 20 MPa and temperature of 125° C. The ageing is performed during a time from three to six weeks representing short time interaction effects relevant for CO 2 injection operations. Second series of flood experiments was performed to identify changes of fluid transport properties caused by the CO 2 /rock interactions.
In the first experimental series, 44 sandstone core plugs representing permeability ranges k a <3 mD, 3mD < k a < 100 mD and k a >100 mD from the four most common lithofacies of the Altensalzwedel pilot area were used. Eolian Dry Sandflat, k=37.93mD
Eolian Dry Sandflat, k=32.02mD
Eolian Dry Sandflat, k=22.58mD
Fluvial Channel, k=10.33mD
Fluvial Channel, k=5.39mD poro-perm characterization of the reservoir sandstones routine air permeability and the effective helium porosity were measured. The measurements reveal that the permeability of the sandstones increases with increasing porosity and the poro-perm relationship is controlled by lithofacies (Fig. 1) . This facies effect is also observed on the capillary pressure functions measured by means of the semi-permeable ceramic plate method (Fig. 4) . The irreducible water saturation for the sandstones determined at the end of the drainage cycles shows a clear trend to increase with decreasing permeability (Fig. 5A) . Here the irreducible water saturations for the very common medium to high permeability aeolian dry sandflat facies lies above and for the aeolian dune facies exhibiting similar fluid transport properties, below of the average water saturation level, respectively. In turn, the aeolian dune facies show higher than average residual gas saturation after re-flooding with 5-10 PV of brine at pressure gradients typical for distant areas. The residual gas saturation stabilized after this imbibition cycle is in the range of 40-55%. This range of residual gas saturation is very common for all analyzed sandstone facies and also verifies an essential potential of immobilization of CO 2 of storage parts re-flooded by aquifer water.
From the point of view of abnormally high irreducible water saturation determined, the aeolian dry sandflat sandsone facies can be expected to have stronger wettability and water binding capacity than other analyzed facies types. This is of crucial importance for envisaged CO 2 -injection, as the injectivity of the CO 2 injection wells will greatly depend on immobile water phase saturation in the near wellbore area. During injection, large pressure gradients and pressure drop of several bars in this near wellbore area can be expected.
Figure 5B shows the T 2 relaxation spectra of an aeolian dry sandflat sample representing a common permeability of the Altensalzwedel storage area of 32 mD. The NMR signal of the free water of the fully water saturated core plug almost disappears after the drainage at a drainage pressure of 2 bar (0.2 MPa) indicating the attainment of the irreducible water saturation. This reveals that most of the mobile water phase could normally be displaced from the near wellbore zone during the CO 2 injection. Thus, the reduced water saturation in the near wellbore zone should facilitate CO 2 injectivity.
Preliminary results of the second series of the flood experiments performed after ageing of the test core samples in carbonized brine show increase of their permeability. This effect can possibly be related to dissolution of calcite, dolomites and anhydrite identified by mineralogical analyses of the rock core samples. Similar effect of the permeability increase caused by dissolution of carbonate cements was experienced in experimental studies of Ross et al. [11] Shiraki et al. [12] and Rimmelé et al. [13] dealing with core flooding using carbonized brine. The relative permeability functions determined reveal clear difference of the two-phase flow processes of the brine/nitrogen rich natural gas before and the brine/CO 2 after ageing. Mobility of both aqueous and gas phase increases after the ageing. At low water saturations nearly to connate water saturation rather permeability increase due to dissolution of carbonates and other soluble minerals but only minor effects of pore plugging due to insufficient amount of mobile liquid phase capable to transport fines can be expected. Thus such dissolution effects and a low risk of pore plugging should be considered as useful for the CO 2 injection operations as they could facilitate the clean-up of the near wellbore area and improve the CO 2 -injectivity. 
CONCLUSIONS
Petrographic, mineralogical, geochemical and petrophysical analysis of red bed facies sandstones and their presumably altered (bleached) modifications in the Rotliegend of the Altmark confirm subtle to major compositional and petrophysical differences in both rock types, as well as in litho-and diagenetic facies types.
Most sandstones are deposited as fluvial channel fills on dry to wet sand flats partially covered by aeolian dunes. All the rocks are characterized by early diagenetic sebkha/playa calcite and anhydrite cementation and varying amounts of hematitic-clayey clast rimming cutans. Varying degrees of cement dissolution and (partial) cutan recrystallization (?) during diagenesis resulted in different rock porosities and permeabilities. Highest porosity and permeability is typical for aeolian type sandstones and bleached rock types.
This rock bleaching is caused by fluid-rock reactions, leading to cement and hematite (present in the clay cutans) dissolution, authigenic mineral formation of e.g. albite, chlorite, barite and REE-rich calcite ("synchisites") and elemental transfer at different scales. The involved fluids probably originated from the Carboniferous, ascending along (re-)activated faults through Rotliegend volcanic rocks during Triassic-Jurassic times.
Also different hydrocarbon (and sulfur) species in varied bleached (whitish to grey) Altmark sandstones, accompanied by variations in inorganic element content, are already confirmed by thermogravimetric and geochemical (ICP) analysis [10] . Thus, although the presence of synchysite (?) implies an involvement of CO 2 -bearing fluids during bleaching, also the participitation of hydrocarbon (and sulfide) species during this alteration of the originally red bed sandstone in the Altmark is proposed.
The differences of poro-perm relationship, capillary pressure functions, irreducible water saturations are distinct with respect to facies type identified in this area.
Short term effects of permeability increase of sandstone cores after ageing in carbonized formation brine has been observed. The relative permeability functions determined before and after the ageing show clear differences.
Mobility of aqueous and gas phase increases after such ageing. Interaction between the carbonized brine and the carbonate cements of the common aeolian dry sandflat facies sandstones are identified as most likely reason of these effects.
The presented results are of special relevance for CO 2 -induced enhanced gas recovery projects in the Altmark area, because by injecting CO 2 into these natural gas reservoirs mineral forming/dissolution processes, similar to the proposed ones might occur. Thereby potential dissolution of calcite (and anhydrite) and its (re-) crystallization, analogously to the formation of synchysite is of special importance. Also effects of mobilization of the gas and the A B
water phase in the near-wellbore zone due to high pressure gradient and the CO 2 induced dissolution effects could facilitate the clean-up processes and increase the injectivity of the CO 2 injection wells.
